In this contribution, we discuss the possible importance of continuum-coupling (or threshold) effects in heavy quarkonium spectroscopy. Our calculations are carried out in a coupled-channel model, where meson-meson higher Fock (or molecular-type) components are introduced in QQ bare meson wave functions by means of a pair-creation mechanism. After providing a quick resume of the main characteristics of the coupled-channel model, we briefly discuss its application to the calculation of the masses of heavy quarkonium-like χc(2P ) and χ b (3P ) states with threshold corrections. We show that the introduction of pair-creation effects in the Quark Model (QM) formalism makes it possible to explain the deviations of χc(2P ) states' masses from the experimental data, without affecting the good QM description of the properties of χ b (3P ) states.
I. INTRODUCTION
The Quark Model (QM) formalism provides a good overall description of meson and baryon observables, including the spectrum (especially the lower-energy part) [1] [2] [3] [4] [5] [6] [7] , the open-flavor strong decay amplitudes [5, [8] [9] [10] [11] [12] [13] [14] , the nucleon electromagnetic form factors [15] [16] [17] [18] , and so on. However, some difficulties emerge when one moves to higher energies, specifically to higherlying meson (baryon) radial excitations. One of the main problems, both from the theoretical and experimental point of view, is related to the emergence of exotic candidates. These are mesons (baryons) characterized by an unconventional (non-qq/non-qqq) quark structure and/or non-standard quantum numbers. Some examples include the X(3872) [now χ c1 (3872)] [19] [20] [21] [22] , X(4140) [23] and X(4260) mesons [24] . From a theoretical/phenomenological point of view, the previous exotic meson candidates can be described variously. Some of the main interpretations include compact tetraquark states [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , meson-meson molecules [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] , the result of kinematic or threshold effects caused by virtual particles [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] , or hadro-quarkonia (hadro-charmonia) [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] . More precise experimental informations on those states, as well as a deeper understanding of the quarkonium spectrum and its patterns, will make it possible to rule out those interpretations which are not compatible with the experimental data [22] . For recent reviews on exotics, see Refs. [69] [70] [71] .
In this contribution, we focus on the interpretation of the previously mentioned X-type exotic mesons as the result of threshold effects caused by virtual particles. To do that, we make use of the Unquenched Quark Model (UQM) formalism with some modifications [68] . The UQM is an extension of the QM. It makes it possible * Proceedings of the Symposium "Symmetries and Order: Algebraic Methods in Many Body Systems" in honor of Professor Francesco Iachello on the occasion of his retirement, October 5-6 2018, Yale University. † jacopo.ferretti@yale.edu to include the effects of virtualpairs in the naïve QM formalism by means of apair-creation mechanism [8, 9, 48, [72] [73] [74] [75] . Above meson-meson thresholds, the creation ofpairs from the vacuum is responsible of the open-flavor strong decays of the meson of interest [8-10, 12, 14] . Below threshold, it is responsible of the coupling between the meson of interest and meson-meson continuum (or molecular-type) components [48, 72, 73] . After discussing our modifications to the "standard" version of the UQM, including some extra hypotheses to make the UQM calculations converge and remove unphysical results, we show that the introduction of mesonmeson continuum components in the bare wave function of the meson of interest can provide a non-negligible correction to the meson energy and the emergence of significant continuum components in its wave function [68] . Other possible applications of the previous coupledchannel formalism are also briefly summarized.
II. UNQUENCHING THE QUARK MODEL
The procedure for "unquenching the Quark Model" consists in the introduction of higher Fock components in quark-antiquark bare meson wave functions,
Here, g is a constituent gluon, Qq − qQ a tetraquark or meson-meson molecular-type component, and QQg a hybrid one. The first step, namely the introduction of Qq − qQ components in heavy quarkoniumlike meson spectroscopy, has already been carried out and some observables have been calculated [48, 49, 52-54, 57, 58, 72, 76] . For the introduction of QQg components in quarkonium spectroscopy, see Ref. [77] .
If we restrict the extra terms of Eq. (1) to moleculartype components, in the Unquenched Quark Model (UQM) formalism the quarkonium-like meson wave function can be written as
Here, N is a normalization factor, |ψ A is the superposition of a zeroth order quark-antiquark configuration, |A , plus a sum over all the possible higher Fock components, |BC , due to the creation of quark-antiquark pairs with vacuum quantum numbers. The sum is extended over a complete set of intermediate meson-meson states, |BC , with energies E B,C = M 2 B,C + q 2 ; M A is the physical mass of the meson A; q and ℓ are the relative radial momentum and orbital angular momentum of B and C, and J is the total angular momentum, with J = J B + J C + ℓ. The symbol T † in Eq. (2) stands for the pair-creation operator of Refs. [13, 14, 53, 54, 58, 72, 76, 78, 79] . See also Refs. [73] [74] [75] . Below threshold, T † is responsible of the coupling between a bare meson, |A , and mesonmeson continuum components, |BC ; above threshold, it is responsible of A → BC open-flavor strong decays, which proceed via the creation of a lightpair (with q = u, d or s) from the vacuum. Given this, in the UQM the expectation value of a meson observable,Ô m , on the quarkonium-like states of Eq. (2) is computed as
where Ô m val and Ô m cont stand for the expectation values ofÔ m on the valence, |A , and continuum components, |BC , respectively.
As an example, we describe the procedure to calculate the masses of quarkonium-like states with self-energy corrections. The physical meson masses are related to the bare and self-energies via
Here, E A are the bare energies of the meson A, which have to be computed in a specific quark model; for example, we make use of the relativized QM of Ref. [2] . These energies are calculated by considering mesons as the bound states of a constituent quark-antiquark pair bounded by one-gluon-exchange forces. Σ(M A ) are the self-energy corrections to the bare meson masses, resulting from the coupling between the bare, |A , and the continuum components, |BC . They can be written as
where the sum is extended over a complete set of intermediate meson-meson states BC.
One can also calculate the norm of the continuum (or molecular-type) component of a quarkonium-like state via [58, 72] 
where the probability to find the meson in its valence component, P val A , is given by P val
The UQM formalism has been extensively used in the past to compute both baryon and meson observables, including the calculation of baryon [79] [80] [81] and meson [48, 49, 53, 54, 57, 58, 72] masses with self-energy corrections, heavy quarkonium hidden flavor strong decays [58] , and the strangeness contribution to the nucleon electromagnetic form factors [75, 82] . Despite of its merits, including its simplicity and versatility, the UQM calculations do not converge quickly. Indeed, it can be easily shown that, as the tower of meson-meson intermediate states |BC is enlarged, the contribution of continuum or sea components to hadron observables keeps growing larger and larger. Below, we discuss a simple procedure to "renormalize" the UQM results. More details can be found in Ref. [58] .
III. A COUPLED-CHANNEL MODEL FOR HEAVY QUARKONIUM-LIKE STATES
After discussing the main features of the UQM formalism for mesons [14, 53, 54, 72, 76] , here we show a procedure to "renormalize" it and avoid the production of unphysical results [58] . In particular, as a first step, we give a brief resume of a simple coupled-channel method to compute the physical masses of quarkoniumlike mesons, M A , with threshold corrections [58] . The method is based on the UQM formalism, plus the following hypotheses and prescriptions: a) The method is not used to perform a global fit to the heavy quarkonium spectrum, but it is applied only to specific meson multiplets 
A. Threshold mass-shifts
Under the previous hypotheses, the physical masses of the members of a quarkonium-like meson multiplet are computed as [58] 
where E A is the bare mass of meson A, whose value is extracted from the relativized QM predictions of Refs. [2, 12, 83] . It is worth noting that here and in Ref. [58] , contrary to the calculations of Refs. [53, 54] , the relativized QM parameters are not fitted to the reproduc- [22] of χc(2P ) and χ b (3P ) states and theoretical predictions from Ref. [58] . The bare masses, EA, are extracted from the original relativized QM fit of Refs. [2, 12, 83] . The experimental results denoted by † are extracted from Ref. [83] , where the authors used predicted multiplet mass splittings in combination with the measured χ b1 (3P ) mass. In the hc(2P ) case, we use the same value for the physical mass as the bare one [2] .
tion of the physical masses of Eq. (4). The bare mass values are directly extracted from the original relativized QM fit of Ref. [2] . See also Refs. [12, 83] . The second term in Eq. (7) is the self-energy correction of Eq. [58] .
The pair-creation model parameters, which we need in the calculation of the BCqℓJ| T † |A vertices of Eq. (5), were fitted to the open-flavor strong decays of charmonia [53, Table II] and bottomonia [54, Table I ]; see also [14, Table II ]. Therefore, for each multiplet, there is only one free parameter, ∆. This is the smallest self-energy correction (in terms of absolute value) to the bare mass of a multiplet member; see [58, Sec. 2] and the following section.
IV. THRESHOLD MASS-SHIFTS IN χc(2P ) AND χ b (3P ) MULTIPLETS
We calculate the threshold mass shifts of the χ c (2P ) and χ b (3P ) multiplet members due to a complete set of ground state 1S1S meson loops, like DD, DD * (BB, BB * ), and so on [58] . The values of the bare masses, E A , are extracted from the relativized model [2] , those of the physical masses, M A , from the PDG [22] . The self-energy corrections, Σ(M A ), are computed according to Eq. (5), using the same pair-creation model parameter values as Refs. [14, 53, 54] .
In the case of the χ c (2P ) multiplet, we get: Table I . See also Fig. 1 . It is worth noting that: I) Our theoretical predictions agree with the data within the typical error of a QM calculation (∼ 30 − 50 MeV); II) Among the χ c (2P ) multiplet members, the χ c1 (2P ) receives the largest contribution from the continuum. This continuum contribution is necessary to lower the relativized QM prediction, 3.95 GeV, towards the observed value of the meson mass, 3871.69 MeV [22] ; III) In the χ c (2P ) case, threshold effects break the usual mass pattern of a χ-type multiplet, namely M χ0 < M χ1 ≈ M h < M χ2 ; IV) The threshold effects are negligible in the χ b (3P ) case. Because of this, we interpret χ b (3P ) states as (almost) pure bottomonia; V) Unlike the χ c (2P ) case, the usual mass pattern within a χ-type multiplet, namely M χ0 < M χ1 ≈ M h < M χ2 , in the χ b (3P ) case is now respected. Table I ; see also [58, Fig. 1 and Table 1 ].
V. CONCLUSIONS
We discussed the possible importance of continuumcoupling (or threshold) effects in heavy quarkonium spec-troscopy. Our calculations were carried out in a coupledchannel model, where meson-meson higher Fock (or molecular-type) components were introduced in QQ bare meson wave functions by means of a pair-creation mechanism. After providing a quick resume of the main characteristics of the coupled-channel model, we briefly discussed its application to the calculation of the masses of heavy quarkonium-like χ c (2P ) and χ b (3P ) states with threshold corrections. Our results are compatible with the present experimental data [22] .
